ABSTRACT We studied and modeled damage caused by Helicoverpa armigera larvae on cotton with the aim of developing a coupled crop pest model. Two damage components were studied: the voracity (quantity of fresh matter and number of organs consumed) and feeding preferences (type of organ infested). The laboratory no-choice study of voracity on excised squares and bolls revealed that an H. armigera larva consumes 2,856 mg of fresh matter throughout its larval life, with the sixth instar consuming 86% of this quantity. This consumption rate corresponded to 23.6 squares, or 7.8 bolls. We developed equations to predict the quantity of fresh matter uptake from an individual plant organ, according to the organ mass and the larval instar. The Þeld study of feeding preference conÞrmed previous Þndings that larvae prefer squares to bolls, with this preference decreasing as the larval age increases. However, no signiÞcant relationship was noted between the age of larvae and the size of infested organs within each organ class (square or boll). We developed a logistic model to predict the probability of a larva infesting a boll rather than a square. According to this model, the relative organ availability in the Þeld and the larval instar were found to be signiÞcant factors.
Fruit-eating Lepidoptera are major pests of cotton crops, with the noctuid Helicoverpa armigera (Hü bner) being the most noxious one in the Old World. Integrated management of H. armigera requires rational use of insecticides. Economic injury level (EIL) and economic threshold (ET) are two concepts underlying integrated pest management (IPM) (Stern et al. 1959) , and they imply that a pest should only be controlled when its population has reached a level at which it could cause economic damage. As pointed out by Pedigo et al. (1986) , environmental conditions are crucial in the response of a crop to injury and may thus modify the thresholds. Elaboration of comprehensive thresholds (Poston et al. 1983) , modulated according to agro-ecological conditions, is a challenging objective, especially under highly variable environmental and cultivation conditions. This is the case in rainfed cotton crops in sub-Saharan Africa, where cultivation conditions vary markedly because of rainfall uncertainty and the range of different cropping practices used by smallholders. A coupled crop pest model is a tool that could be used to assess interactions between EIL and cultivation conditions (Onstad 1987 , Teng et al. 1998 . This approach has already be used to develop decision support systems, with the Siratac and CottonLogic models in Australia (Ives et al. 1984, Hearn and Bange 2002 ) and the CIM model in the United States (Luttrell et al. 1998) . To simulate crop pest interactions, we developed the Simbad (simulation of bollworm attacks and damage) pest simulation model (Nibouche et al. 2003) , which is coupled with the Cotons cotton crop model (Jallas et al. 1999) .
The aim of such coupled models is to establish a link between the pest population and the damage (yield loss) caused. In developing such a model, full precise knowledge of the feeding behavior of H. armigera is required to be able to simulate the injury it causes. Thus far, the only extensive studies on the feeding behavior of H. armigera were published by Wilson and Waite (1982) and Hassan and Wilson (1993) . These authors used methods developed by Wilson and Gutierrez (1980) , who described the damages caused by Helicoverpa zea (Boddie) on the basis of fruiting structure availability in the crop, feeding preferences, and consumption rates of larvae. We adopted this overall strategy, but used different statistical tools, and recorded biological data on H. armigera consumption rates and feeding preferences in Cameroon with the aim of designing a new model of feeding behavior.
Materials and Methods
We studied two factors separately: the food consumption rate of larvae and their feeding preferences (type of fruits infested). The food consumption study was conducted in the laboratory, whereas the feeding preference study was carried out in the Þeld.
Food Consumption
Observations. Food consumption was assessed with no-choice experiments conducted in the laboratory at 25ЊC and L:D 12:12. Stock populations of H. armigera (ϳ200 larvae) were collected in cotton Þelds near Garoua (Northern Cameroon) in October 2000 and 2001 and were reared in the laboratory on an artiÞcial diet (Giret and Couilloud 1986) . The F 1 generation was used for the experiments.
Food consumption was studied on squares and bolls separately. Fruiting organs were collected in a nontreated cotton Þeld sown with the variety Irma 1243.
Larvae used for the experiments were reared in transparent plastic boxes (10 by 20 by 3 cm), at one larva per box. Larvae were introduced in the box 24 h after hatching. According to the size of the larva and of the fruiting organ, one to Þve organs were put in each box. Fruits were weighed individually and marked with a paper tag pinned to the proximal part of the organ. Bracts and peduncle were removed before weighing.
A no-choice experiment was carried out in 2000 to assess larval food consumption per fruit. Two 60 larvae cohorts were set up: one cohort consuming squares and one cohort consuming bolls. Every day, each fruit was examined, and infested fruits abandoned by the larva were removed, weighed, and replaced by fresh ones. Fruits that the larvae were consuming at the time of the observations were not removed. When abandoned infested fruits were removed, intact fruits were also removed and weighed to determine the extent of desiccation. Because it was difÞcult to determine instar of larvae during the experiment without disturbing or killing them, larval instars were interpolated according to their durations relative to the entire life cycle from hatching to death (Table 1) computed from Twine (1978) . We preferred to use this approximate method rather than disturbing the larvae and modifying the time that they spent on an organ.
A no-choice experiment was carried out in 2001 to evaluate total larval food consumption. Two 60 larvae cohorts were set up: one cohort consuming squares and one cohort consuming bolls. Intact and infested fruits were removed daily and replaced with fresh ones. Removed fruits were weighed. Weighing of intact fruits allowed us to estimate mass loss caused by desiccation. The Þnal mass of infested fruits was corrected for this desiccation loss. This was, however, only a rough approximation because infested fruits likely desiccate more quickly than intact fruits. Larval instars were determined from their relative duration as in the 2000 experiment.
Analysis. The total larval food consumptions on square and bolls (2001 experiment) were compared with an analysis of variance (ANOVA). Data on the mass loss of each infested fruit (2000 experiment) were modeled by a linear regression as follows:
where FM is the Þnal mass of the fruit, IM is its initial mass (mg), a is the intercept (mg), and b is the slope (unitless) of the regression. Linear regressions were performed separately considering the estimated larval instar at which the damage started. We tested the effects of the fruit type (square versus boll) on the slope and the intercept before pooling data from the two cohorts.
Feeding Preferences
Observations. Infestation of fruiting organs was studied for 4 yr (1996 Ð1999) in on-farm observation plots at Maroua (Northern Cameroon). The climate is tropical with two very distinct seasons: a rainy season lasting 4 Ð 6 mo and a dry season during the other months. Observations were carried out in September and October, which correspond to the end of the rainy season and the beginning of the dry season. The cultivation sequence (variety, weeding, and fertilization) of the plots was in accordance with recommendations for the area. The plant density was thus 100,000 plants/ha (80 cm between rows, 25 cm between sowing holes, thinning to two plants per sowing hole). The cotton variety sown was IRMA 1243. Only one untreated plot was monitored in 1996. From 1997 onward, two 2,500-m 2 observation plots were observed each year: one untreated plot and one treated plot (deltamethrin, 9 g [AI]/ha, every 14nth day, Decis 60 EC; Bayer Crop Sciences, Lyon, France). Spraying was performed with a knapsack sprayer to avoid drift.
Each plot was sampled every second day from the beginning of ßowering, row after row, with all plants of a row being sampled. For each observed larva, we recorded the type of fruit infested, i.e., mainly square or boll. Flowers were considered as squares. Only a few larvae were recorded on leaves or on terminals. The observed larvae were stored in 70% alcohol, and their instar was later determined in the laboratory by measuring the head capsule width. For each larva, we also recorded the diameter of the infested fruit.
Besides these observations, 10 plants were collected weekly in each observation plot. On these 10 plants, the number of squares and bolls were recorded to determine their relative availability.
Analysis of the Size of Infested Fruiting Organs. For each type of fruiting organ (square or boll), we performed an ANOVA using the SAS PROC GLM pro- cedure (SAS Institute 2004) to test the relationship between the larval age (instar) and the size of the infested fruiting organ. To avoid any confusion between the simultaneous effects of the changes in organ size and larval age over time, we performed the ANOVA with the week as a control factor. The comparisons of the sizes of the infested organs were made between instars within a week. Feeding Preferences of Larvae. The distribution of infested fruiting organs was compared with that of available fruiting organs. Our previous analysis (see above) revealed that, within each fruit class (square or boll), the link between the larval age and the size of infested fruits was nonsigniÞcant, so we decided to only consider the fruit class, not its size.
According to Wilson and Gutierrez (1980) , we considered that the infestation of a fruit by a larva was determined by the relative abundance of available fruits and by the feeding preference of the larva.
Again, we had to avoid any confusion between the effects of relative availability of squares versus bolls, larval age, and environmental conditions, and those changed between data collections because the observation period spanned several years, for several weeks each year, and from ßowering to the end of square emission. Such simultaneous factorial variations may induce effect confusions, known as the Simpson paradox (Simpson 1951) in the case of categorical data. To overcome this problem, we used a logistic model (McCullagh and Nelder, 1989) , where the logit of the probability of being observed on a boll rather than a square depends on the following covariates: and on the following control factors:
• the observation year j • the observation week k
The control factors are random, because one cannot anticipate their effects for any observation to come. This results in a generalized linear mixed model (Breslow and Clayton 1993) .
We assumed that there was no interaction between these sources of variation. The model was written as follows:
where p is the probability of a larva infesting a boll rather than a square.
If there was no feeding preference, b would be equal to one and all other coefÞcients would be null. The proportion of bolls in infested fruits would be equal to the proportion of bolls in available fruits, aside from sampling errors.
The control terms are used to test if the relation between the proportions of bolls within the available and infested fruits is stable across year, protection, crop age, and larval instar.
For a given p, i.e., for a given observation, the number of bolls in n infested fruits is assumed to follow a binomial distribution with parameters n and p. We used the GLIMMIX macro (Littel et al. 1996) for a preliminary analysis of the signiÞcance of the random control factors year and week. Then we computed the signiÞcance of covariates (availability of bolls, larval instar, and insecticide treatment) and estimated the parameters of the resulting model with the NLMIXED procedure (SAS Institute 2004) .
Boll availability records were carried out each Wednesday, and they did not substantially change within a week of larva observations (i.e., a week of larva records ranged from 2 d before to 2 d after a boll All linear regressions were signiÞcant (P Ͻ 0.0001). The column Instar indicates the larval instar at which the damage starts. Square and boll data are pooled. Data are from the 2000 no-choice experiment. availability record). Environmental conditions vary also slightly within such a time step. We therefore grouped the observations by weeks after crop emergence to ensure that there would be a sufÞcient number of larvae for each observation date.
Results

Food Consumption
Data from the 2001 experiment revealed that the total mass of fresh matter consumed during the larval life was not signiÞcantly (F ϭ 2.28; df ϭ 1,112; P ϭ 0.1343) inßuenced by the fruit class (square versus boll). Data from the square and the boll cohort were pooled ( Table 1 ). The sixth instar accounted for most of the quantity of food consumed during the larval life. The mean number of squares infested during the total larval life (23.96 Ϯ 0.72, n ϭ 52 larvae) was three times higher than the number of bolls (7.78 Ϯ 0.93, n ϭ 40 larvae) in the 2000 no-choice experiment.
The voracity equations (Table 2) , driven from the 2000 experiment, allow calculation of the fresh matter uptake in an individual fruit according to the larval instar at which the damage starts. No signiÞcant effect (P Ͼ 0.05) of organ type (square versus boll) was noticed on the slope or on the intercept for each larval instar. Data from the square and boll cohorts were pooled. The fresh matter uptake in each infested fruit was linearly correlated with the initial mass of the fruit. For young instars (L1ÐL3), the intercept of the equations was higher than the total consumption of the instar (Table 1) , because larvae spent several instars on the same fruit.
Feeding Preferences
Data from 1997 were not considered because of the low infestation noted that year (only 29 larvae counted). A total of 730 larvae were recorded over the entire experimental period.
There was no signiÞcant relationship (Table 3) between the age of larvae and the size of the fruits they fed on within each fruit class (square or boll). Based on this absence of relation, we decided to overlook the fruit size and only use these two fruit classes as factors to determine the larval feeding preferences.
Preliminary analyses revealed that the probability of infesting a boll was not signiÞcantly inßuenced by the effect of the control factor year (the estimated variance or its effect was zero) or that of the insecticide treatment (t ϭ Ϫ1.58; df ϭ 26; P ϭ 0.127). This shows that the relationship between infested bolls and available bolls was stable across years and protection conditions. We thus eliminated the year and protection effects from model 2 to compute the parameters of the resulting model (2Ј ; Table 4 ). Graphic illustration of the model prediction for the probability of observing a larva infesting a boll (Fig. 1) shows that the curve is rarely above the median, which indicates Fig. 1 . Probability that a larva infests a boll rather than a square: prediction with the model according to the proportion of bolls among the available fruiting organs in the crop. Dashed line represents a probability to infest a boll equal to boll availability (no feeding preference). The six curves correspond to Þrst larval instar (bottom) to sixth instar (top). that the larvae had a higher preference for squares than for bolls. Older larvae had a higher preference for bolls than younger larvae. The graph of predicted versus observed values shows a good distribution of values along the 1:1 line (Fig. 2) . Some discrepancies are noticed, mainly when the observed proportion of bolls in infested organs is null.
Discussion
We modeled the damage caused by H. armigera on cotton on the basis of feeding preferences and food consumption. Few quantitative data have been published on the food consumption patterns of this pest. Mabbet et al. (1980) obtained a mean consumption of 12.2 fruiting organs (squares and bolls) in a Þeld study on H. armigera. Reed (1965) stated that late instars consume three squares per day. At this consumption rate, a late-instar larva would consume a total of 16.5 squares over a 5.5-d period at 25ЊC (Twine, 1978) . Wilson and Gutierrez (1980) pointed out that the number of fruiting bodies consumed is related to the size of squares and bolls and that the pest will infest fewer fruits on a variety that produces bigger fruiting bodies. Our Þndings indicated a relationship between the size of infested fruiting bodies and fresh matter uptake in the fruit. However, caution should be taken in extrapolating these results to varieties other than that considered here (Irma 1243). The amount of food intake by Lepidoptera larvae is also known to change with the composition of the diet, e.g., gossypol content (Klocke and Chan 1982) or nitrogen and water content (Timmins et al. 1988 ). Changes in variety or variations of nitrogen and water status of the host plant are therefore likely to inßuence the amount of damages caused by H. armigera on cotton.
Our feeding preference Þndings support previous reports that H. armigera prefers squares to bolls and that older larvae feed on older fruits than younger larvae do (Pearson 1958 , Mabbet et al. 1980 , Wilson and Waite 1982 . However, we found that the shift toward older fruits was actually a shift from squares to bolls, but we observed no signiÞcant increase in the size of infested fruits within each fruit class. This result differs from the conclusions of Mabbet et al. (1980) and Wilson and Waite (1982) , who noticed an increase of the size of infested bolls or squares with age of larvae, but without providing a statistical demonstration of this relationship.
We implemented our damage model in the coupled crop pest model CotonSimbad (Nibouche et al. 2003) , and damage simulation by the model is currently being validated in the Þeld. The nature of damage (type of attacked organs) caused by H. armigera is the result of the foraging behavior of larvae. Plant age inßuences the location of larvae on plants and their feeding behavior (Fye 1972 , Hochberg 1987 , Nibouche et al. 2004 , Johnson and Zalucki 2005 . Plant age is already indirectly taken into account in our model through availability of fruiting organs. However, cropping conditions (variety, planting density, etc.), by altering the architecture of plants, may modify the relationship between fruit availability at the plant level and the availability in plant parts actually explored by larvae (Wilson and Gutierrez 1980) . Field validation of the model has to be carried out under a broad range of cultivation conditions to evaluate the accuracy of its predictions in the variable environmental and cultivation conditions encountered in sub-Saharan cotton cropping areas.
